Abstract -The paper presents the fundamentals of composite right/left-handed (CRLH) transmission lines and materials, and proposes an accurate circuit model of these structures for the design of practical applications. Three novel applications of CRLH meta-structures, developed at UCLA, are demonstrated: an arbitrary coupling-level backward-wave coupler, a zerolh order resonator and a distributed planar negative lens.
the model of Fig. la is equivalent to the model of Fig. Ib , which is simpler and provides a more direct insight into the physical properties of CRLH structures [4] . The corresponding dispersion relation, Recently, there has been significant interest for novel metamaterials, and in particular for left-handed (LH) materials, which are characterized by antiparallel-phase and group velocities [1] - [2] . The novelty of the physics related with these artificial structures may lead to revolutionary applications in optical and microwave devices and materials.
Our group at UCLA has been using a transmission line (TL) approach of metamaterials [3] , based on nonresonant low-loss and broad-bandwidth elements, and has introduced the concept of composite rightlleft-handed structures (CRLH) as a framework for the understanding and design of novel metamaterial applications [4] . This concept is based on the fact that any practical LH structure, which can be modeled by series C and shunt L, becomes right-handed (RH) as frequency increases due to the presence of natural RH parasitic series L and shunt C. This paper will first present the fundamentals of CRLH TLs. Then it will describe how to model them.
Finally, it will demonstrate three selected applications developed at UCLA.
II. CRLH LINES AND MATERIALS
An ideal CRLH-TL is represented in Fig. 1 by its circuit model. The most appropriate model in practice is the one of Fig. 1 (4) where ,= 0, and therefore Ag = oo. If the structure is unbalanced (LR'CL' tLL'CR), and therefore mismatched (Fig. lb) , a gap will open up in some frequency range, due to the negative sign appearing in (1) ; in this case, (4) can be shown to represent the frequency of highest attenuation in the gap. It can also be shown from the model of 
from which all the parameters Zo, VP, vg, tg can be straightforwardly derived in a closed form. However, it can be easily seen that in the particular balanced case, defined as where the series inductance of the stub could be neglected.
interdigital capacitor stub inductor 
III. PARAMETERS EXTRACTION
An accurate parameters extraction of CRLH structures is crucial for efficient design. The first two applications of the next section use a microstrip implementation of the CRLH structure, as shown in Fig. 3 . This implementation was also successfully used in a novel backfire-to-endfire leaky-wave antenna presented in [6] . [7] is obtained by replacing the microstrip lines of the conventional coupled-line coupler by the CRLH line described in Fig. 3 Fig. 2 , a CRLH structure has a dispersion relation crossing the , = 0 axis at a non-zero frequency w0 given by (4) . This property is exploited in the novel zeroth order resonator [8] presented here. Fig. 6 illustrates the principle of this resonator. At c0 there is no phase shift between the input and the output of the structure, since 0 =,fd = 0. Therefore, the resonance is flat (uppermost case). Using a mechanical analogy, this mode looks like that of a vibrating string without fixtures (no boundary conditions). Consequently, the resonance is independent ofthe physical length of the structure, but depends only on its reactive loadings, which determine w0.
The same microstrip TL as in the coupler was used to design the resonator, which is obtained by simply opening up coupling capacitive slits at both ends of the line. It can be shown that if the line is unbalanced, in the case of capacitive coupling (open-ended) only the shunt antiresonant CRILL tank resonates, while in the case of inductive coupling (short-ended) it is the series resonant CRILL tank which resonates.
The unloaded Q, of the open/shorted-ended resonator can be shown to be given by Qopen = (1/ G)C /LL, Qshort R CL LR, (7) where G and R represent the shunt conductance and series resistance of a lossy CRLH-TL, respectively. These Q factors are seen to be independent of the number ofunit cells. B. Planar Distributed Negative "Lens " The third application deals with a 2D CRLH structure. In [9] (b) Fig. 8 (a) Capacitively-enhanced mushroom structure. (b) Full-wave simulated negative lens effect. A mushroom 6 x 19 cells mushroom structure operating in a LH region of its dispersion diagram is sandwitched between two parallel-plate waveguide (RH) structures. The plot shows the full-wave simulated electric field in the structure. The structure is excited by a vertical coaxial excitation.
